{: SCISPACE

formerly Typeset

@ Open access « Journal Article - DOI:10.1021/MA00134A049

Lower critical solution temperature behavior in polymer blends: compressibility and
directional-specific interactions — Source link [/

Gerrit ten Brinke, Frank E. Karasz

Published on: 01 Jul 1984 - Macromolecules (AMER CHEMICAL SOC)

Topics: Lower critical solution temperature, Polymer blend, Hildebrand solubility parameter, Intermolecular force and
Compressibility

Related papers:
» Generalization of the lattice-fluid model for specific interactions
« Principles of polymer chemistry

« Phase Behavior in Copolymer Blends : Poly(2,6-dimethyl-1,4-phenylene oxide) and Halogen-Substituted Styrene
Copolymers

« A Binary Interaction Model for Miscibility of Copolymers in Blends

« Effect of monomer structure and compressibility on the properties of multicomponent polymer blends and
solutions: 1. Lattice cluster theory of compressible systems

Share this paper: @ ¥ M &

View more about this paper here: https:/typeset.io/papers/lower-critical-solution-temperature-behavior-in-polymer-
4lkv2wt3on


https://typeset.io/
https://www.doi.org/10.1021/MA00134A049
https://typeset.io/papers/lower-critical-solution-temperature-behavior-in-polymer-4lkv2wt3on
https://typeset.io/authors/gerrit-ten-brinke-1zefsi0m96
https://typeset.io/authors/frank-e-karasz-33n4zlbrdz
https://typeset.io/journals/macromolecules-3g8wfhrj
https://typeset.io/topics/lower-critical-solution-temperature-3mu2jlcv
https://typeset.io/topics/polymer-blend-25x8wcoc
https://typeset.io/topics/hildebrand-solubility-parameter-2b5zcn7c
https://typeset.io/topics/intermolecular-force-2n1czccs
https://typeset.io/topics/compressibility-stqqjddh
https://typeset.io/papers/generalization-of-the-lattice-fluid-model-for-specific-10vci2ov44
https://typeset.io/papers/principles-of-polymer-chemistry-1xvybfm3rb
https://typeset.io/papers/phase-behavior-in-copolymer-blends-poly-2-6-dimethyl-1-4-5bftx8l85s
https://typeset.io/papers/a-binary-interaction-model-for-miscibility-of-copolymers-in-57mmm3cfaa
https://typeset.io/papers/effect-of-monomer-structure-and-compressibility-on-the-7apmf3o7zz
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/lower-critical-solution-temperature-behavior-in-polymer-4lkv2wt3on
https://twitter.com/intent/tweet?text=Lower%20critical%20solution%20temperature%20behavior%20in%20polymer%20blends:%20compressibility%20and%20directional-specific%20interactions&url=https://typeset.io/papers/lower-critical-solution-temperature-behavior-in-polymer-4lkv2wt3on
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/lower-critical-solution-temperature-behavior-in-polymer-4lkv2wt3on
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/lower-critical-solution-temperature-behavior-in-polymer-4lkv2wt3on
https://typeset.io/papers/lower-critical-solution-temperature-behavior-in-polymer-4lkv2wt3on

7%
university of 5%,
groningen YL

R

University Medical Center Groningen

University of Groningen

Lower Critical Solution Temperature Behavior in Polymer Blends
Brinke, Gerrit ten; Karasz, Frank E.

Published in:
Macromolecules

DOI:
10.1021/ma00134a049

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1984

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Brinke, G. T., & Karasz, F. E. (1984). Lower Critical Solution Temperature Behavior in Polymer Blends:
Compressibility and Directional-Specific Interactions. Macromolecules, 17(4).
https://doi.org/10.1021/ma00134a049

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 31-05-2022


https://doi.org/10.1021/ma00134a049
https://research.rug.nl/en/publications/545e2425-522d-4ec6-ab4f-5a93248bc087
https://doi.org/10.1021/ma00134a049

Macromolecules 1984, 17, 815-820 815

Lower Critical Solution Temperature Behavior in Polymer Blends:
Compressibility and Directional-Specific Interactions

Gerrit ten Brinke' and Frank E. Karasz*

Department of Polymer Science and Engineering, University of Massachusetts, Amherst,
Massachusetts 01003. Received July 26, 1983

ABSTRACT: Lower critical solution temperature (LCST) behavior in polymer blends is shown to be the
result of the compressible nature of the system, the directional-specific character of the intermolecular
interactions, or a combination of both. Certain random copolymer-homopolymer blends are examples of the
first possibility. To illustrate the possibility of LCST behavior due to the directional-specific character of
the intermolecular interactions, a recently introduced incompressible lattice-gas model by Vause and Walker
is adapted to the polymer problem. Homopolymers are shown to be miscible if there is an acid—base interaction
of sufficient strength and if the difference between the respective solubility parameters is not too large. The
amount of entropy lost in the formation of a specific interaction is shown to be an additional important factor
in determining polymer miscibility. Specific heat measurements can, in principle, decide whether the behavior
of a polymer mixture at a given temperature is dominated by its compressibility or by the directional-specific

interactions.

Introduction

Phase separation on heating is a by now familiar phe-
nomenon in polymer solutions and polymer blends. For
nonpolar polymer solutions this lower critical solution
temperature (LCST) behavior came somewhat as a sur-
prise. At first sight the combinatorial entropy of mixing
seems to be the dominant contribution at high tempera-
tures as it is for most low molecular weight solutions. But
it can easily be understood in terms of the well-known
solubility parameter model. According to this approach,
the exchange interaction is proportional to the square of
the difference in the values of the solubility parameters
of both components, which are, in turn, proportional to
the square roots of the respective cohesive energy densities.
The latter decrease much faster for low molecular weight
solvents than for polymers as is apparent from the increase
in liquid-vapor critical temperature for a homologous series
of fluids of increasing molecular weight. At elevated tem-
peratures the difference in value of the solubility param-
eters becomes larger and LCST behavior results.! Al-
though this analysis clearly reveals the basic reason for
LCST behavior in polymer solutions, the solvent expan-
sivity, it goes at the same time far beyond the original
solubility parameter approach. The exchange interaction
parameter is no longer an interaction parameter but rather
a free energy parameter. This observation follows simply
from the negative value of the enthalpy of mixing near a
LCST or alternatively from the entropy-driven character
of this phase separation.?

More quantitative theories taking the compressibility
of both components into account have been developed by
Flory and co-workers®f and Sanchez and Lacombe.” Both
theories lead to rather complicated expressions for the free
energy of mixing. These show that the so-called equa-
tion-of-state or free volume contributions are unfavorable
for mixing; i.e., their contribution to the second derivative
with respect to composition of the free energy of mixing
is negative. This becomes more pronounced at higher
temperatures and leads thus to LCST behavior. However,
the primary effect of solvent expansivity is very hard to
detect.

An important insight into the role of the compressible
nature of the components has been obtained by Sanchez.?
He showed that the above-mentioned second derivative
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of the free energy of mixing can be separated into an in-
compressible and a compressible part. The compressible
part is always negative and, moreover, proportional to the
compressibility of the mixture, which increases with tem-
perature. This term therefore tends to destabilize the
mixture at high temperatures. In summary, we can say
that the reasons for LCST behavior in nonpolar polymer
solutions are now well understood.

Mixtures of high molecular weight components are
characterized by a nearly negligible value of the combi-
natorial entropy of mixing. Combined with the unfavor-
able contributions due to the compressible nature of the
system, this imposes a severe restriction on polymer-
polymer miscibility. Miscible blends of sufficiently high
molecular weight polymers can only be obtained if the
exchange interaction is negative. Basically, there are two
ways of fulfilling this requirement. For a blend of two
homopolymers it will generally result from specific inter-
molecular interactions. On the other hand, as shown re-
cently,’%12 blends of a random copolymer and a homo-
polymer can already have a negative exchange interaction
if the “repulsion effect” is strong enough. This refers to
a situation for which the value of the exchange interaction
parameter between the monomers that make up the co-
polymer is larger than the values of both other interaction
parameters involved. In this extreme case all three in-
teraction parameters are positive and yet miscibility occurs.
Hence specific interactions are not always necessary for
miscibility.

The LCST behavior in the two classes of systems can,
in principle, be of an entirely different origin. In a random
copolymer-homopolymer blend with mainly London dis-
persion forces, the phase separation is, as for nonpolar
polymer solutions, due to the unfavorable compressibility
contributions. These are much smaller than for polymer
solutions but for some systems large enough at sufficiently
high temperatures to overcome the negative exchange in-
teraction. Miscibility in blends of homopolymers requires
specific intermolecular interactions usually of the acid-base
type. These are of a highly directionally dependent nature
and are supposed to be present in addition to the London
dispersion forces. Thus, the exchange interaction between
unlike monomers is “repulsive” for a majority of relative
orientations and “attractive” for only a few. The direc-
tional-specific character interferes with the rotational
freedom of polymer segments, often side groups in par-
ticular. At low temperatures the predominant species are
the bonded unlike segments with many rotational degrees
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of freedom effectively frozen out. For higher temperatures
the orientations will be essentially random and the London
dispersion forces will dominate, possibly leading to LCST
behavior.

The situation is somewhat similar to the one found in
many compilex low molecular weight mixtures such as
glycerol-benzylethylamine.!®* Another example, involving
a polymer, is poly(ethylene oxide) (PEO)-H,0.* In all
these cases the energetically favorable but entropically
disfavorable bonding results in closed-loop phase diagrams.
At high temperatures the combinatorial entropy of mixing
dominates, resulting in a single homogeneous phase. A
decrease in temperature leads to phase separation at an
upper critical solution temperature (UCST) because the
London dispersion forces start to dominate, At still lower
temperatures the entropic disadvantage of bonding is ov-
ercome and a single phase reappears at a LCST.

The entropy loss due to the formation of a direction-
al-specific interaction is far larger for low molecular weight
mixtures than for polymer mixtures. But experimental
spectroscopic studies show that the directional-specific
nature of the intermolecular interactions is also an im-
portant feature accompanying polymer miscibility.1518
Because the entropy loss is relatively small, it may well
happen that the exchange interaction remains negative up
to very high temperatures. In that case either the polymers
are miscible throughout the entire experimental temper-
ature range or a LCST occurs due to the unfavorable
compressibility contributions. If the LCST is primarily
the consequence of the directional-specific nature of the
intermolecular interactions, there still will be no reap-
pearance of a single homogeneous phase at a higher tem-
perature, as is the case in the mixtures containing at least
one low molecular weight component mentioned before.
This is due to the very small combinatorial entropy of
mixing. At temperatures where it could become important,
the unfavorable compressibility contributions have taken
over.

Several models have been developed to include the en-
tropic effects. The best known are the original Barker~
Fock model'®?° and the decorated lattice models of
Wheeler and co-workers.? % Both have some drawbacks
as discussed by Walker and Vause, who themselves in-
troduced a lattice-gas model that is both versatile and
conceptually simple.??” They applied it extensively to
mixtures of low molecular weight species with closed-loop
phase diagrams. We will adapt this incompressible theory
to mixtures of polymers and show that it also in this case
predicts LCST behavior. The influence of the amount of
entropy lost due to the formation of a “bond”, of the
strength of the directional-specific interactions, and of the
difference in solubility parameters on the shape and lo-
cation of the coexistence curve will be discussed.

In the next section we summarize some of the recent
results on random copolymer-homopolymer blends that
are pertinent to the subject of this paper. The direction-
al-specific interaction model will be introduced after that,
followed by a discussion of its consequences for polymer
phase behavior.

Background

A binary mixture can only exist in a homogeneous single
phase if the Gibbs free energy at fixed temperature T and
pressure P is a convex function of the concentration ¢ and
specific volume v. Sanchez? showed that this is equivalent
to the requirement

8% /dc? — vB(d%g /dc )2 > O (1)

where g is the Gibbs free energy per mole of mixture and
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Figure 1. Graphical representation in a 2,y plane of the additional
miscibility (region I) in random copolymer-monopolymer blends
(A,B1-,),~(C), due to the replusion effect; z = xpc/xap and y =
Xac/XaB

(3 is the compressibility of the mixture. The variables to
be kept constant in the derivatives are all the variables in
the set {T, P, ¢, v} except, of course, for the one with respect
to which the derivative is taken. Since 3 increases with
temperature, the above expression illustrates in a striking
way the destabilizing effect of the compressibility. In an
incompressible theory, such as the Flory-Huggins?%2®
theory, only the first term would be present.

LCST behavior results from a violation of inequality 1
for some concentration. Evidently, there are two possi-
bilities: either the incompressible derivative d%g/dc? re-
mains positive but the compressibility contribution starts
to dominate at higher temperatures or 9%g/dc? becomes
negative. The latter occurs for complex low molecular
weight mixtures with closed-loop phase diagrams since this
phase behavior can be described rather accurately by the
incompressible theory developed by Walker and Vause 2427
It is also believed to be the dominant feature of certain
polymer solutions. The situation for homopolymer blends
is more ambiguous and will be addressed in later sections.
In this section random copolymer~homopolymer blends
will be discussed.

In a previous publication'? we argued that a Flory-
Huggins-type description of a mixture of a random co-
polymer (A,B,_.), and a homopolymer (C), leads to an
expression for the Gibbs free energy of mixing that is
equivalent to the familiar Flory-Huggins expression if the
following identification is made (cf. ref 35):

Xblend = XXac T (1 = 2)xpc — {1 — x)xap (2)

where x is the copolymer composition expressed in volume
fractions. In an incompressible theory xac, xsc, and xag
are the interaction parameters between the components
indicated by the subscripts. Only blends for which all three
are positive will be considered. This is the case if the
interactions are primarily of the London dispersion force
type. Consequently, Xpienq 18 @ convex function of x that
may have two, one, or no zeros. For very high molecular
weight polymers miscibility occurs essentially only if

Xblend < 0 3)

As argued before, the above description explains the often
observed miscibility windows in random copolymer-hom-
opolymer blends. The general situation can best be rep-
resented in a 2 = xpc/Xap V8. ¥ = Xac/xag diagram (Figure
1). The area enclosed by the positive z axis, the positive
v axis, and the curve

z=y+1-2yl/2 4)

represents the additional miscibility due to the “repulsion”
effect. In this region none of the three different binary
mixtures of homopolymers corresponding to the three
different monomers involved are miscible whereas certain
random copolymer—homopolymer blends are. Hence the
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above, in principle, incompressible description explains the
observed miscibility without referring to any specific in-
teraction. At this point it is important to realize that, as
shown by Krause® and by Casper et al.,! the solubility
parameter approach leads to a xy,.,q that is positive for all
x. However, Paul and Barlow!! showed that a small de-
viation from the familiar expression of the interaction
parameter in terms of the solubility parameters is already
sufficient to obtain a negative Xpjenq-

A well-known feature of the type of treatments given
above is the inverse proportionality of the interaction
parameters to temperature and hence

Xblend ™ l/T (5)

Therefore, the incompressible theory predicts improved
miscibility rather than LCST behavior. The LCST’s ob-
served in these systems are obviously due to the desta-
bilizing effect of the compressibility. Moreover, in ap-
plications of eq 2 to specific random copolymer-homo-
polymer blends, as in ref 10 and 12, the calculated x pa-
rameters are free energy parameters with a more complex
temperature behavior.

Directional-Specific Interaction Model

It is a theoretically and experimentally well-established
fact that homopolymers of sufficiently high molecular
weights are only miscible if they interact favorably. Ar-
guments have been given that the physical interactions
between two polymers are determined by mainly two kinds
of interactions: London dispersion forces and Lewis
acid-base interactions.®® The first have been quantified
by the dispersion force contribution to cohesive energy
density and lead to a positive exchange interaction. The
Lewis acid—base interactions are often referred to as polar
interactions, and it is among others the strength of these
interactions that determines homopolymer miscibility.
They are usually of a highly directional-specific nature.
The existence of these types of interactions has been es-
tablished by infrared spectroscopy. Using this technique,
Fowkes et al.*® determined the enthalpy of acid-base in-
teraction for miscibie blends of poly(methyl methacrylate)
(PMMA) with chlorinated poly(vinyl chloride) (CPVC),
poly(vinyl fluoride) (PVF), and poly (vinylidene fluoride)
(PVF,). They found values of ~1.9, -6.8, and —2.9 kcal/
mol, respectively. Other examples of miscible blends in-
clude poly(2,6-dimethy!-1,4-phenylene oxide) (PPO) with
polystyrene (PS),% poly(vinyl chloride) (PVC) with poly-
(e-caprolactone) (PCL),* and, as established only very
recently, PVC with PMMA.#® In the last two examples
the presence of acid-base interactions is evident. The
nature of the interactions in PPO/PS is not so clear, al-
though infrared measurements indicate that there is a
favorable interaction between the aromatic rings.!>'® The
directional-specific character of the interactions in the
latter case follows from the complete elimination of the
B-relaxation process of PPO in blends with at least 15 wt
% PS.15 In all cases the exchange interaction is positive
for a majority of relative orientations of the unlike mo-
nomers and negative for only a few. This effect is more
pronounced if side groups, which otherwise would be able
to rotate much more freely, are involved in the direction-
al-specific interaction. An example is PMMA, since in this
case the electron-donating carbonyl group is part of the
side group.

To take this into account a recently introduced lat-
tice—gas model®*?’ will be adapted to the polymer problem.
Walker and Vause were mainly interested in the phase
behavior in complex low molecular weight mixtures with
closed-loop phase diagrams, i.e., a LCST at a certain tem-
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Table [
configuration degeneracy energy
A—B q U <0
A --Aand B---B q? 0
A B q(g - 1) U,>0

perature followed by a UCST at a higher temperature.
These types of phase diagrams were shown to be the
consequence of the competition between the entropically
favored dispersion forces and the enthalpically favored
acid-base interactions. To implement this in a mathe-
matical model for polymer miscibility we follow Walker
and Vause?* %’ in assuming that each monomer is charac-
terized by a statistical variable ¢ that can assume ¢ dif-
ferent values. Two different monomers A and B interact
“attractively” with energy U; < 0 if they are in the same
o state and “repulsively” with energy U, > 0 otherwise.
Monomers of the same kind do not interact. U, and U,
therefore represent the exchange interaction rather than
the real interaction, which is always attractive except for
very short distances. Table I summarizes these assump-
tions. The specific interaction is indicated by a dash and
the other possibility by dots. This model is based on a
number of simplifications. The most obvious ones are that
the different monomers should be of comparable size and
have an equal number of rotational degrees of freedom.
In practice, the latter will hardly ever be satisfied. The
model nevertheless contains the essential physics: the
formation of a directional-specific interaction results in an
entropy loss proportional to In g.

The partition function of this model can be obtained
following ‘an analysis of Sanchez and Lacombe.”® The
fundamental problem is to determine the number of con-
figurations © available to a system of N; molecules of r;
monomers A and N, molecules of r, monomers B. It can
be shown that this number in the so-called Flory ap-
proximation?3 is given by

( w; )N¢1/"1( wy )N¢z/"2
Q=§ — - (6)
&1 ¢2

where
N = N;ry + Nyry (7
w; = §r;/ o™ (8)
¢; =rN;/N )

o; iIs a symmetry number and §; a flexibility parameter
characteristic of component i. w; is the number of con-
figurations available to a polymer containing r; monomers
in the close-packed state. The number of AB contacts,
N,p, is in a mean field approximation given by

Npg = 2N¢1 ¢, (10)
where, due to the polymer nature, z is the coordination

number of the lattice minus 2. The partition function is
given by

zNg162
z= (%) X
q .
szdbz( zN¢ ¢y ) wy Ney/ny ﬂ )N¢z/"zquN_2ye_ﬂE 1)
¥=0 y 1 b2

where
E =yU, + (zN¢1¢; - ¥)U, (12)
Furthermore, 3 = 1/kT and y is the number of AB pairs

that interact attractively. In this formation we assumed
that 2y different monomers take part in y AB contacts.
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This is an overestimation for which we correct by the
correction factor
q eN¢ 199
— (13)
g+1
which follows from
q zN¢163 2N g, zN¢,¢
1 Y 172 PV =gV (14)
g+1 y=0 Yy

It is a standard procedure to approximate the sum of
eq 11 by its maximum term. This results in

y = AeN¢1¢, (15)

where
A=]1+ qeﬂ(Ul—Uz)]—l (16)
In this way an expression for the free energy of mixing is

obtained equivalent to the familiar Flory-Huggins ex-
pression, with a x parameter given by

g+1
x/2=BU;+In(1-N)+1In 7 amn
It is easy to show that
%im x(T) =0 (18)

which is the correct high-temperature limit,

The validity of our approximation becomes clear by
noting that eq 17 for x/z is in a very good approximation
identical with the expression found by Goldstein and
Walker? for the effective coupling constant of their lat-
tice-gas model. They showed that, within a high-tem-
perature series expansion, one can trace out the ¢ variables
in a single step, creating an effective Ising coupling. Also
the obtained expression is shown to be a very good ap-
proximation at high temperatures, which is precisely the
temperature region in which we are interested. The mean
field approximation will therefore manifest itself primarily
via the van Laar type enthalpy of mixing, which is the
consequence of the assumption expressed by eq 10.

The expression for the x parameter contains an en-
thalpic component x and an entropic component xg:

xg =-Tdx/0T (19)
xs = (Tx)/dT (20)
which are given by
xu/z = BNU; + (1 - NU,] (21)
g+1

xs/z2=In{1-2) +1n -B\U,-U,) (22)
The consequence of this model for polymer miscibility will
be discussed in the next section.

Discussion

We start this section by considering the influence of g
on the phase behavior. Walker et al. had to assume a value
of about 500 for g to obtain good agreement between the
observed and calculated closed-loop phase diagrams of
certain complex low molecular weight mixtures.?’” This
implies an extremely directional-specific interaction, hy-
drogen bonding, in these systems. They showed that this
large value is necessary to explain the very flat bottom of
the observed closed-loop phase diagrams. For polymer
mixtures the specific interactions are likely to be of a less
directional-specific nature and weaker. Since In g reflects
the loss of entropy due to the formation of a favorable
interaction, it follows from the nature of polymers that

Macromolecules, Vol. 17, No. 4, 1984
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Figure 2. x parameter as a function of temperature for three
different sets of parameters (q, Uy, Uy): curve a, (10, -0.62
keal/mol, 0.1 kcal/mol); curve b, (15, —0.62 keal/mol, 0.1 kcal/
mol); curve ¢, (15, ~0.8 kcal/mol, 0.1 kecal/mol).

since monomer units are already severely restricted in their
rotational freedom due to the covalent bonding to other
monomers, g should be much smaller. But the precise
value is difficult to estimate.

To illustrate the working of the model we use a cubic
lattice and consider two values for ¢, 10 and 15, respec-
tively. Figure 2 shows x as a function of temperature for
three sets of parameters (g, Uy, Uy) = (10, —0.62 kcal/mol,
0.1 kcal/mol), (15, —0.62 kcal/mol, 0.1 keal/mol), and (15,
—0.8 kcal/mol, 0.1 kcal/mol). The value for U, corresponds
to a difference in solubility parameters at 200 °C of about
1.5 and is not unreasonable. The values of U, are chosen
in such a way that a LCST occurs near 400 K, except for
the second set of parameter values. They seem reasonable
when compared to a value of -2.5 kcal/mol for some low
molecular weight systems with hydrogen bonding.® Figure
2 shows the two main effects of ¢: larger values of g result
in a decrease of the LCST, which essentially corresponds
to the temperature for which x(7) = 0, and in a steeper
shape of the x(T) curve near the LCST. The latter is
apparent from curve b as well as from curve c.

The last effect will be considered first. It has a profound
influence on the shape of the coexistence curve. To il-
lustrate this we will for simplicity consider the Gibbs free
energy of mixing for polymers of equal chain length r given
by

) o}
AG/RT = —r—l In ¢, + -;2 In ¢y + x(T¢1¢2  (23)

The shape of the coexistence curve near the LCST follows
from the requirement?®

[0AG /3¢1]1/2+00 = 10AG /311056 (24)

where !/, is the critical concentration and A¢ = |¢; ~ 1/,
¢; is the concentration on one of the branches of the
coexistence curve for a temperature T slightly above the
critical temperature T,.. T, is implicitly given by

x(T) =2/r (25)

Equation 24 results in
3
(28¢)? = Zrx/(T)(T - T) (26)

where x’(T) is the first derivative of x(T). Consequently,
the coexistence curve will be flatter for a steeper x(7).
This at the same time shows why Goldstein and Walker
in their case (r = 1) had to select a very large value for g,
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Figure 3. Illustration of the effect of a small change in strength
of the directional-specific interaction and of the dispersive in-
teraction on the behavior of x as a function of temperature. The
three sets of parameters (q, Uy, U,) are as follows: curve a, (10,
-0.62 kcal /mol, 0.1 kcal/mol); curve b, (10, —0.62 kcal /mol, 0.09
kcal/mol); curve ¢, (10, -0.67 keal/mol, 0.1 kcal/mol).

because the experimentally observed closed-loop phase
diagrams are very flat near the LCST.

At first sight it may seem as if the rather flat cloud point
curves for a polymer mixture such as PS/PVME (poly-
(vinyl methyl ether))?” can be explained similarly. This
is, however, not the case since a steep x(7) curve also
results in a phase behavior that is rather insensitive to a
change in molecular weight. Experimentally, the minimum
of the cloud point curve of PS/PVME increases by more
than 100 K if the molecular weight of PS is decreased from
200000 to 10000. It is not very difficult to choose the
parameters in such a way that the molecular weight in-
fluence is reproduced. In fact there is a whole region in
the parameter space (g, U;, U,) that would fulfill this
requirement. But this would be rather misleading since
in the region of interest, 350 K < T < 500 K, x(T) should
be rather small and vary only slightly as a function of
temperature. In that case it is very likely that the com-
pressibility contributions to the free energy of mixing also
play an important role. Polymer mixtures for which the
LCST behavior can be described as being largely due to
the directional-specific character of the interactions should
have a phase behavior that is rather insensitive to a change
in molecular weight.

The decrease in LCST for an increase in value of q is
as expected: the enthalpically favored interaction becomes
entropically even more unfavorable. This effect may well
explain in part the difference in miscibility behavior be-
tween PVC/PCL and PVC/PMMA. Whereas PVC is
miscible with PCL at all temperatures and high molecular
weights,® it is only miscible with PMMA for not too high
molecular weights and shows LCST behavior in the ex-
perimental temperature range.?® Part of this difference
may be due to the larger loss in entropy for the formation
of a favorable interaction between PMMA and PVC than
for PCL and PVC. In the first case the carbonyl group
is part of the side group whereas for PCL it is part of the
main chain.

Figure 3 illustrates the effect of a small change in
strength of either the specific interaction or the dispersion
forces. The starting point is again the parameter set (g,
U,, U;) = (10, -0.62 kcal/mol, 0.1 keal/mol). Curve ¢
represents the x parameter obtained by slightly increasing
the strength of the specific interaction to ~0.67 kcal/mol.
Curve b corresponds to a slight decrease in value of the
dispersive interaction to 0.09 kcal/mol. Both small
changes are sufficient to obtain a x parameter that stays
negative beyond 500 K. In such a case LCST behavior is
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Figure 4. Behavior of the entropic part xg and of the enthalpic
part xg of the x parameter as a function of temperature for (g,
Uy, Uy = (10, -0.62 keal/mol, 0.1 kcal/mol).

only possible due to the compressible nature of the system.
These results imply an important practical requirement
for homopolymer miscibility. Not only does one of the
polymers have to be basic and the other acidic but the
solubility parameters of both components should also not
differ too much.

Figure 4 shows the entropic-driven character of LCST
behavior in more detail. The entropic part xg and the
enthalpic part xy corresponding to the x parameter given
by curve a of Figure 2 are plotted against temperature. At
low temperatures xj is in absolute value larger than xg,
and a stable mixture results. For sufficiently high tem-
peratures xs, although much smaller than at low tem-
peratures, dominates xy, which has even decreased more
in absolute value. This results in LCST behavior, the
entropic-driven character of which follows from the ob-
servation that at sufficiently high temperatures the gain
in entropy due to phase separation even outweighs the gain
in enthalpy. Both xyz and x decrease in absolute value
as a function of temperature. In reality, there are also
compressible contributions to the x parameter, which can
also be separated into an enthalpic and entropic part.
These, however, increase in absolute value as a function
of temperature. As before, the entropic part is positive
and the enthalpic part is negative. At low temperatures
the incompressible contributions dominate whereas at
sufficiently high temperatures the compressible contribu-
tions dominate. The LCST can, in principle, be in either
region. The main difference between our analysis and an
analysis of Patterson and Robard® is the possibility of an
LCST due exclusively to the incompressible contributions.

There is a simple way to determine whether the tem-
perature behavior of the x parameter in a polymer mixture
at a given temperature is dominated by the directional-
specific nature of the interaction or by the compressible
nature of the system. In the former case the excess specific
heat is positive and in the latter negative. Let H denote
the enthalpy of the mixture

H = ¢;H, + ¢,H, + AH (27)
where AH is the enthalpy of mixing and H; the enthalpy
of the pure components. AH is given by
AH = RTxy(T¢105 = 2[ANU; + (1 = N U,]¢102 (28)
Hence we find for the excess specific heat AC,

D - Upsise  (29)

A
ACP = Cp - ¢1Cp1 - ¢ZCP2 =z d_q.'
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Figure 5. Fraction A of directional-specific interactions as a
function of temperature for (g, U;, Us) = (10, ~0.62 kcal/mol, 0.1
kcal/mol).
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Figure 6. Excess specific heat as a function of temperature for
(g, U;, Uy) = (10, -0.62 kcal/mol, 0.1 kcal/mol), based on a
molecular weight of 100 for each monomer. The data presented
are calculated from eq 29 for the special case ¢; = ¢p = /5.

where C,, is the specific heat of the mixture and C,; the
specific f)eat of the pure components. Moreover

dr . ([]1 — Uz)eﬁ(UrUﬂ

ar = "9 R
Figure 5 shows X as a function of temperature for (g, Uy,
U,) = (10, —0.62 keal/mol, 0.1 kcal/mol). Finally, Figure
6 shows AC, as a function of temperature for the same

parameters. The values predicted are positive and well
within the scope of experimental possibilities.?

(30)

Concluding Remarks

Miscibility in polymer blends is influenced by various
factors. The incompressible model introduced in this
paper illustrates the importance of the strength of the
directional-specific interaction, of the difference in solu-
bility parameters, and of the amount of entropy lost due
to the formation of a favorable interaction. It also shows
the possibility of describing LCST behavior in polymer
blends with an incompressibility theory. The qualitative
differences between a situation dominated by the direc-
tional-specific interaction and by the compressibility are

Macromolecules, Vol. 17, No. 4, 1984

clear, and we hope that these results will be confirmed
experimentally.

Acknowledgment. G.t.B. thanks Dr. Isaac C. Sanchez
and Dr. Charles M. Gutman for helpful discussions. This
work was supported in part by AFOSR 82-0101.

References and Notes

(1) Casper, R.; Morbitzer, L. Angew. Makromol. Chem. 1977,
58/59, 1.

(2) Sanchez, I. C. In “Polymer Compatibility and Incompatibility:
Principles and Practices”; Solc, K., Ed.; Harwood, New York,
1982; MMI Symp. Ser., Vol. 3.

(3) ten Brinke, G.; Karasz, F. E. J. Chem. Phys. 1982, 77, 5249.

(4) Morrison, G. J. Chem. Phys. 1983, 78, 4791.

(5) Flory, P. J.; Orwoll, R. A,; Vrij, A. J. Am. Chem. Soc. 1964, 86,
3507, 3515.

(6) Flory, P. J. J. Chem. Phys. 1965, 87, 1833.

(7) Sanchez, I. C.; Lacombe, R. H. JJ. Phys. Chem. 1976, 80, 2352.

(8) Lacombe, R. H.; Sanchez, 1. C. J. Phys. Chem. 1976, 80, 2568.

(9) Sanchez, L. C.; Lacombe, R. H. Macromolecules 1978, 11, 1145.

(10) Kambour, R. P.; Bendler, J. T.; Bopp, R. C. Macromolecules
1983, 16, 753.

(11) Paul, D. R.; Barlow, J. W. Polymer, in press.

(12) ten Brinke, G.; Karasz, F. E.; MacKnight, W. J. Macromole-
cules, in press.

(13) Parvatiker, R. R.; McEwen, B. C. J, Chem. Soc. 1924, 125,
1484,

(14) Malcolm, G. N.; Rowlinson, d. S. Trans. Faraday Soc. 1957, 53,
921,

(15) Wellinghoff, S. T.; Baer, E. Org. Coat Plast. Chem. 1976, 36,
140.

(16) Wellinghoff, 8. T.; Koenig, J. L.; Baer, E. J. Polym. Sci., Po-
lym. Phys. Ed. 1977, 15, 913.

(17) Lu, F.d.; Li, X,; Waldman, D.; Hsu, S. L. Bull. Am. Phys. Soc.
1983, 28, 546.

(18) Coleman, M. M.; Zarian, J. J. Polym. Sci., Polym. Phys. Ed.
1979, 17, 837.

(19) Barker, J. A.; Fock, W. Discuss. Faraday Soc. 1953, 15, 188.

(20) Barker, J. A. J. Chem. Phys. 1952, 20, 1526.

(21) Wheeler, J. C. J. Chem. Phys. 1975, 62, 433.

(22) Anderson, G. R.; Wheeler, J. C. J. Chem. Phys. 1978, 69, 2082,
3403.

(23) Wheeler, J. C.; Anderson, G. R. J. Chem. Phys. 1980, 73, 5778.

(24) Walker, J. S.; Vause, C. A. Phys. Lett. A 1980, 79A, 421.

(25) Walker, J. S.; Vause, C. A. In “Eighth Symposium on Ther-
mophysical Properties”; Sengers, J. V., Ed.; American Society
of Mechanical Engineers: New York, 1982; Vol. 1, p 411.

(26) Goldstein, R. E.; Walker, J. S. J. Chem. Phys. 1983, 78, 1492.

(27) Walker, J. S.; Vause, C. A, preprint.

(28) Flory, P. J. J. Chem. Phys. 1942, 10, 51.

(29) Huggins, M. L. Ann. N.Y. Acad. Sci. 1942, 43, 1.

(30) Fowkes, F. M,; Tischler, D. O.; Wolfe, J. A.; Lannigan, L. A_;
Ademu-John, C. M.; Halliwell, M. J. Adv. Chem. Ser., in press.

(31) Karasz, F. E.; MacKnight, W. J.; Stoelting, J. Polym. Prepr.,
Am. Chem. Soc., Div. Polym. Chem. 1970, 11, 357.

(32) Koleske, J. V. In “Polymer Blends”; Paul, D. R., Newman, S,
Eds.; Academic Press: New York, 1978; Chapter 22.

(33) Jager, H.; Vorenkamp, E. J.; Challa, G. Polym. Commun., in
press.

(34) Guggenheim, E. A. Proc. R. Soc. London, Ser. A 1944, 183, 213.

(35) Stockmayer, W. H.; Moore, L. D., Jr.; Fixman, M.; Epstein, B.
N. J. Polym. Sci. 1955, 16, 517.

(86) Joanny, J. F. J. Phys. A: Math. Gen. 1978, 11, L117.

(37) Kwei, T. K.; Wang, T. T. In “Polymer Blends”; Paul, D. R.,
Newman, S., Eds.; Academic Press: New York, 1978; Chapter
4,

(38) Patterson, D.; Robard, A. Macromolecules 1978, 11, 690.

(39) Karasz, F. E.; Bair, H. E.; O'Reilly, J. M. Rev. Sci. Instrum.
1966, 37, 255.

(40) Krause, S. In “Polymer Blends”; Paul, D. R., Newman, S., Eds.;
Academic Press: New York, 1978; Chapter 2.





